Abstract-In this paper, an all-optical logic gate based on 2x2 (MMI) multimode interference coupler is theoretically designed and simulated using three-dimensional beam propagation method (3D-BPM) and effective index method (EIM) to analyze and evaluate the performance of the device. The proposed device is used to convert phase information of input optical signals to amplitude at the output ports of MMI. With this mechanism, the device can operates as a logical half adder. Simulation results show that the optical half adder archives with insertion loss and extinction ratio from ON to OFF logiclevel below 0.7 dB and over 40 dB, respectively. Furthermore, wide bandwidth of 100 nm is also an advantage of this devices. Therefore, it can be applied to all optical signal processing in next generation optical networks as well as in photonic integrated circuits.
Introduction
U LTRAHIGH speed signal processing is increasingly necessary in information superhighways and future optical networks. However, the present signal processing speed based on optical-to-electrical and electrical-to-optical conversions do not match the requirements of the future optical networks and wavelength division multiplexed systems because it is limited to the low speed of electrical logic circuits. In recent years, there are some works reported on alloptical logic circuits which can satisfy the requirements of high signal speed processing, wideband to avoid cumbersome optical-electrical-optical conversions [1] - [4] . But, a few reported works suffer from some fundamental limitations such as big size, low bandwidth and high loss. Besides, there are many reported works that are based on photonic crystals with advantage of compactness [5] [6] . Unfortunately, its downsides are high loss and difficult integration with Si-based optical devices. The silicon technology on insulator will be a promising solution which is compatible to fabricate the silicon-based all-optical logic gates [7] . Meanwhile, the multimode interference (MMI) principle have attracted increasing attention due to MMI-based devices have several advantages as simple configuration, compactness, relatively high bandwidth, large fabrication tolerance and suitable for monolithic integration [8] [9] . For the above advantages, we have combined SOI material platform-based optical waveguide devices and MMI principle together. In this paper, we designed and optimize an all-optical logic gate that can perform as a logical half adder. In this device, the phase information represents the input logic value, whereas the logical value of the output is determined by the amplitude. Simulation shows that the insertion loss and extinction ratio of the optical half adder were below 0.7 dB and over 40 dB at a wide bandwidth range of 100 nm.
MMI theory and design principle

MMI theory
The devices based on (MMI) multimode interference coupler mainly work on the self-imaging phenomena [10] . When an input field is propagated along the MMI at the periodic intervals, a single or multiple images are formed [11] . These periodic intervals are related to beat length L π . By defining L π as the beat length of the two lowest-order modes in the MMI region and it is given by formula:
With
Where W ef f is effective width of the MMI waveguide, free-space wavelength λ 0 , effective refractive index n ef f and effective cladding refractive index n clad . There are two self-imaging mechanisms. The first mechanism is the general interference mechanism (GI). In this case, MMIs devices length are created first N-fold images given by
ISSN Where N ≥ 1 is an integer. The other mechanism is the restricted interference mechanism (RI). For this mechanism, L is given by
We can be seen that, the length of the MMI devices of the RI mechanism is three times shorter than that of the GI mechanism. In addition, the optical phases of the fields in a N N MMI coupler are given by [12] 
for r + s even and
for r + s odd Where N is the number of input and output ports of MMI coupler, φ 0 is an initial constant phase of input signals, r = 1, 2, 3, N is the numbering of input access waveguides (bottom-up) and s = 1, 2, 3, N is the numbering of output access waveguides (top-down). Figure 1 shows the structure of MMI coupler that is composed of one MMI waveguide-based 3dB-coupler. Ports A and B are input ports corresponding to logical input port, port C and D are output ports to obtain logical output corresponding to carry bit and logical sum. This structure is in the form of the rid waveguide with input/output access waveguides are placed at ±W M M I /6 compared to the center of MMI region and have h 0 = 0.06 µm , H = 0.5 µm. We have chosen the materials of the core is Si with a refractive index of 3.45 and SiO 2 for both cladding and upper cover layer with refractive index of 1.46. To easily bring the input light beams to the MMI, the width of the access waveguides w will be set to 0.5 µm. The width and length of the MMI region are selected as W M M I = W ef f = 4.78 µm and L M M I = 33.6 µm, respectively, so that the total size of the device is as small as possible. Moreover, to improve the transmission characteristics between input/output access waveguides and MMI region, a tapper will used to connect the access waveguides and the MMI coupler together. We are chosen the width and length of the taper as W taper = 1 µm and L taper = 15 µm, respectively.
Structure of the device
Simulation result and discussion
Let the device operates as a logical half adder, the input light beams are launched into the access waveguides, the phases are used in the simulations of the device and work at a wavelength of 1.56 µm. Figure 2 shows the simulated results based on the MMI principle incorporated with 3D-BPM [13] . The operating principle of the device is as follows:
• (ii). When an incident light beam on port A has a phase ϕ = 0 0 (corresponding to logic 0) and an incident light beam on port B has a phase ϕ = 90 0 (corresponding to logic 1), logic 1 is obtained at port D and logic 0 is obtained at port C.
• (iii). When an incident light beam on port A has a phase ϕ = −135 0 (corresponding to logic 1) and an incident light beam on port B has phase ϕ = 0 0 (corresponding to logic 0), logic 1 is obtained at port D and logic 0 is obtained at port C.
• (iv). When an incident light beam on port A has phase ϕ = −135 0 (corresponding to logic 1) and an incident light beam on port B has phase ϕ = 90 0 (corresponding to logic 1), logic 0 is obtained at port D and logic 1 is obtained at port C.
We have summarized and indicated these results in Table 1 . However, when light beams are launched into the access waveguides to propagate to the MMI, there are the phase differences compared to the phases that we have mentioned in Table 1 . This phase differences cause the proposed device to malfunction. Therefore, we will show phase difference range allowing the device to operate normally. Through simulation and computation, we find that if the phases that we have listed in Table 1 with a phase difference of about ±10 0 , the device still works as a logical half adder, we will illustrate this at the end of the section 3. In addition, we also evaluated the performance of the device by a parameter of wavelength dependency because MMI coupler has advantage of large bandwidth [14]. Now, we will investigate the wavelength dependency of the proposed logical half adder by using 3D-BPM method. Figures 3 and 4 show the transmission spectra of the above device depending on the wavelength. We have changed the activity of the wavelength in range from 1.5 µm to 1.6 µm. We define the threshold power level is 0.67 (according to normalized power), the proposed device can distinguish the logic 0 and logic 1 in the wavelength range from 1.5 µm to 1.6 µm without any phase differences (figure Wavelength ( m) 3 and 4). We also used two parameters: insertion loss and extinction ratio to evaluate the performance of the proposed device. Insertion loss (IL) evaluates the loss of signal power during transmission in the device and extinction ratio (ER) is the ratio comparison between two power signals at the outputs generated by the input sources. These two parameters are usually expressed in decibels (dB) and they are given by the formula:
ER(dB) = 10log 10 P out−desirable P out−other (8) Where P in is the input power of the device, P out−desirable is the desired output power and P out−other is another output powers. From (7) and (8), we have calculated the spectrum of the logic-level extinction ratio from ON to OFF at output ports C and D. Moreover, we also investigated the spectrum of the insertion loss at output port D of the logical half adder in case (ii) for whole C-band as shown by figures 5 and 6. With insertion loss was the lowest of 0.07 dB, the device has worked with low attenuation as expected and the highest extinction ratio of 54.35 dB. So, the logical half adder easily distinguishes logic 0 and Next, we will show the maximum phase error of the proposed device with phases at the port A increasing to 10 degrees and phases at the port B decreasing to 10 degrees. The phase differences in these two ports are compared to the phase values shown in Table 1 . From the simulation results shown in Figure 7 and Figure 8 indicate that the device still works as an alloptical half adder at a wavelength range of 1.54 µm to 1.59 µm with the phases difference of ±10 0 .
Conclusion
We have designed an optical half adder using a multimode interference coupler based on silicon substrate. By changing the input phases, the output amplitudes at the ports will depend on intensity of light which can distinguish between logic 0 and logic 1. Simulation shows that the device can operate with insertion loss below 0.7 dB and extinction ratio over 40 dB at the wide bandwidth range of 100 nm (from 1.5 µm to 1.6 µm). So, it would be a promising device for all-optical logical circuit applications and photonics integrated circuits. 
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